Abstract-A system is presented that is capable of measuring subnanosecond reverse recovery times of diodes in wide-bandgap materials over a wide range of forward biases (0 -1 A) and reverse voltages (0 -10 kV). The system utilizes the step recovery technique and comprises a cable pulser based on a silicon (Si) Photoconductive Semiconductor Switch (PCSS) triggered with an Ultrashort Pulse Laser, a pulse charging circuit, a diode biasing circuit, and resistive and capacitive voltage monitors. The PCSS-based cable pulser transmits a 130 ps rise time pulse down a transmission line to a capacitively coupled diode, which acts as the terminating element of the transmission line. The temporal nature of the pulse reflected by the diode provides the reverse recovery characteristics of the diode, measured with a high bandwidth capacitive probe integrated into the cable pulser. This system was used to measure the reverse recovery times (including the creation and charging of the depletion region) for two Avogy gallium nitride diodes; the initial reverse recovery time was found to be 4 ns and varied minimally over reverse biases of 50-100 V and forward current of 1-100 mA.
presently commercially available through Infineon (formerly Wolfspeed/Cree), GeneSiC, and other companies, and SiCbased devices continue to be the focus of numerous research groups. Presently, gallium nitride (GaN) power device technology lacks the maturity of SiC power device technology with limited types of devices being commercially available; the majority of these commercially available devices are lateral transistors (High Electron Mobility Transistors, or HEMTs) utilizing non-native substrates (typically Si is used for power switching devices to maintain low cost). GaN, however, is also presently the focus of an immense amount of research and will very likely continue to grow into a mature semiconductor technology; this includes vertical-architecture GaN devices such as PIN diodes, JFETs, and CAVETs grown on GaN substrates. Recent review papers summarizing the current state of wide-bandgap based power electronics can be found in [5] , [12] , [15] , [21] , [25] , [27] .
The reverse-recovery phenomenon is the transient behavior observed when a p-n junction changes from the forward conducting state to the reverse blocking state. This phenomenon has be thoroughly investigated and analyzed previously with notable works by Kingston [20] , Benda and Spenke [7] , and Grekhov and Mesyats [17] . Under steady state conditions in the forward-biased conducting state, an electron-hole plasma forms at the junction due to the diffusion and drift of electrons and holes across the p-n boundary. The distribution of electrons and holes is a function of the doping profiles in the material, the physical geometry of the junction, and the applied electric field. After initiation of reverse recovery by applying a reverse-biased electric field, the junction proceeds from the conducting state to the blocking state via two phases termed by Grekhov et al. as the high reverse conduction phase (HRC), and the reverse resistance recovery phase (RRR). During the HRC phase, electrons, and holes are removed from the plasma via, carrier recombination and the external electric field (also referred to as carrier recombination and sweep-out) but overall quasi-neutrality may still be assumed. During this phase, the junction conducts a current limited by the external load impedance. After a sufficient amount of time, a region depleted of electrons and holes begins to form at the junction boundary and space charge regions begin to form on either side of the depletion region. Assuming the simple case of a p-n diode, the space charge regions (one positive and the other negative) and the depletion region will grow through charge drift away from the junction boundary 0885-8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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under the applied reverse-biased electric field. Voltage begins to build up across the growing depletion region during this phase and the current decreases to zero as the voltage across the depletion region matches the applied voltage drop. This process is often referred to as the creation and charging of the depletion region. The size of the junction capacitance decreases as the size of the depletion region increases with increasing applied reverse-biased voltage [7] , [17] , [20] . In Si-based bipolar devices, reverse recovery times may be of the order of tens of nanoseconds to several microseconds representing a switching loss mechanism in power conversion circuits [4] . In addition, as the operating voltage and current capability of these Si devices increase, the amount of charge stored in the device during forward conduction that must subsequently recombine or be removed in order for the diode to recover increases. Significant work has been done with Si devices to reduce the reverse recovery time while still preserving an acceptable forward voltage drop and voltage blocking capability. However, even with these advancements, the reverse recovery time of state-of-the-art ultrafast Si power diodes ranges from 10-20 ns. Reviews of the technology and methods utilized for controlling the reverse recovery time and characteristics (softness/snappiness) in these Si diodes can be found in [2] , [6] , [9] , [14] , [28] , [29] , [32] , and [33] .
In contrast to bipolar diodes, Schottky diodes are unipolar, majority-carrier devices and consequently have no component of reverse recovery due to stored charge, but junction charging time still contributes to nonzero reverse recovery time. Indeed, SiC Schottky diodes have become widespread recently due to their very fast recovery times (on the order of ns) [19] . However, Schottky diodes suffer from high reverse leakage current due to electric-field-induced barrier lowering. This problem may be overcome through the use of junction barrier Schottky and/or merged p-i-n-Schottky diodes. GaN may have an advantage over SiC in terms of switching loss due to its extremely short hole lifetime (of the order of nanoseconds, since GaN is a direct-bandgap semiconductor) which results in essentially no minority-carrier injection. Thus, reverse recovery is expected to be negligible, even for high-breakdown-voltage p-i-n diodes. However, few measurements of reverse recovery have been performed on GaN power diodes, and the combination of very short reverse recovery times (∼1 ns) and high voltages/currents (>1 kV / ∼10 A) makes accurately measuring the reverse recovery characteristics of these devices challenging. The aim of the present work is to address this challenge.
The typical technique used to measure the reverse recovery of a power diode is the clamped inductive load technique, or a variant thereof [1] , [10] , [31] , [35] , [36] . The primary advantages of these techniques are their overall simplicity, and the ability to modify all significant testing parameters (forward bias, duration of forward bias, reverse bias, and di/dt). These techniques are limited in their ability to simultaneously resolve extremely fast reverse recovery times (∼1 ns) while testing diodes under high reverse bias conditions. This is due to the limitations in the switching speed of the switching element (typically MOSFETs) used in these circuits. Presently, state of the art commercially available MOSFETS capable of operating at voltages on the order of 1 kV exhibit a rise time on the order of 5-10 ns. Recording subnanosecond reverse recovery is extremely difficult if not impossible in a clamped inductive testing system where the rise time of the switch is nearly an order of magnitude larger than the expected reverse recovery time [1] . Early work on reverse recovery in Si bipolar devices utilized a simple circuit in which the diode was switched from a forward-to a reverse-bias configuration [20] , [22] . A transmission-line based step-recovery technique was reported by Dean et al. that greatly facilitated data acquisition and analysis [11] . This technique was later applied to GaN-based light-emitting diodes where reverse-recovery times of order 100 ns were reported; in this work, the epitaxial layers were grown on sapphire and the long carrier lifetime (of order 800 ns) extracted from the voltage-dependent reverse recovery measurements was postulated to be due to capture of injected holes by deep levels in the GaN bandgap, followed by emission to the valence band [18] . In the present work, devices are grown on native, bulk GaN substrates, and the lifetimes are expected to be far shorter (of order ns) due to the reduced defect density in the epitaxial material compared to lattice-mismatched material [21] . In order to overcome the challenge of measuring subns reverse recovery times at high voltages and currents, this work adapts the step-recovery technique originally presented by Dean et al., and utilized previously by the aforementioned research groups [11] , [18] , [34] . The present realization of this technique is unique in the technologies applied, and in the time-resolution of the reverse recovery measurements (∼100 ps) in conjunction with the wide range of operating conditions under which the diode can be tested (0-10 kV reverse bias and 0-1 A forward bias). The structure of the paper is as follows: Section II gives an overview of the system and critical system components. The performance of the system is detailed in Section III. Section IV reports the results obtained from testing two GaN diodes manufactured by Avogy Inc., and lastly in Section V concluding comments are made.
II. MEASUREMENT SYSTEM OVERVIEW
The primary components and subsystems composing the diode recovery measurement system are a pulse charging circuit, a cable pulser, a photoconductive semiconductor switch (PCSS), a trigger laser, diagnostics, and a biasing circuit. The diode is initially held in the forward-bias (ON) state and acts as the terminating element of a 50 Ω transmission line. The pulse generating system (pulse charging circuit + energy storage + PCSS + laser) generates a fast rise-time reverse-biasing pulse which is applied to the diode with a 130 ps rise-time via the transmission line. When the pulse reaches the diode being tested, it forces the diode to a reverse-bias state, thus causing the diode to recover and transition to a blocking (OFF) state. During this transition, the impedance of the diode changes from lowimpedance to high-impedance, thus causing the diode to exhibit a dynamic reflection coefficient. The pulse reflected by the diode contains the reverse recovery characteristics of the diode. The reflected waveform is measured with a capacitive (V-dot) probe embedded at a point midway along the transmission line. A diagram of the entire system is shown in Fig. 1 , and the critical Fig. 1 . Diode measurement system diagram. The diode is initially biased in the forward state at a particular current level by varying the low voltage power supply. The HV pulser then produces a 10 μs FWHM pulse which pulse charges the coax on the high side of the PCSS. At the peak of the HV pulse from the HV pulser, the PCSS is triggered with the USPL (65 fs FWHM -800 nm: the PCSS remains closed from approximately 1 μs due to its long recombination lifetime before returning to the open state). This launches the reverse biasing pulse (<100 ps rise-time) pulse towards the diode. The diode reflects the reverse biasing pulse with the shape of the reflected pulse being indicative of the reverse recovery behavior of the diode, and the reflected pulse is measured with the V-dot probe.
components of the system are summarized in the rest of this section. These components include the pulse charging and energy storage section, laser and PCSS, voltage monitors, and diode biasing section. In order to maintain the high-bandwidth nature of the system to enable the measurement of these fast transient signals, several of the system components were housed in a highbandwidth 50 Ω tri-plate transmission line enclosure interfacing the housed component with the 50 Ω coaxial transmission line. A brief discussion of these enclosures is also included.
A. Pulse Charging and Energy Storage
The pulse charging circuit, energy storage component (11.28 m length of RG-218 coax cable), together with the PCSS and laser form what is commonly referred to as a cable pulser. These types of pulsers produce a pulse with a rise-time dictated by the rise-time of the output switch (the PCSS in this system) and its housing, a pulse-width twice the electrical length of the energy storage coaxial cable (114 ns), and pulse amplitude half of the charging voltage [8] , [16] . A pulse charging scheme was used in this system in order to minimize power dissipation in the PCSS due to leakage current. The pulse charging systems used were a commercial rectangular pulse generator for low voltage testing (<100 V) and an in-house developed 20 kV pulser producing a 10 μs pulse, with the PCSS being triggered just after the peak of the pulse.
B. PCSS and Laser
PCSS are optically controlled semiconductor switches capable of functioning as opening and closing switches at high voltages with extremely fast rise times (on the order of single picoseconds) depending on their size (voltage handling capability) [3] , [24] . These devices have been actively used and researched since the 1970s and have been made from a variety of materials following the evolution and maturation of semiconductor materials [3] , [13] , [23] , [26] , [30] , [37] ). Photoconductive switching technology was utilized in this system due to the availability of subpicosecond lasers on hand and the subsequent ability to produce fast-rising pulses to induce reverse recovery. In this system, a lateral Si PCSS with a 2.5 mm anode/cathode spacing was used. Silicon was the chosen semiconductor material due to its long recombination lifetime and low onstate resistance, thus enabling the switch to remain in the low resistance (conducting) state for approximately 1 μs after being triggered, which is significantly longer than the reverse recovery times being measured in this work.
The laser system used to trigger the PCSS was an ultrashort pulse laser (USPL) with an 800 nm wavelength, 65 fs pulse width, 2 mJ pulse energy, and 1 kHz repetition rate. This laser was used to demonstrate capabilities of the reverse recovery pulser due to its availability. However, its pulse width was much shorter and its pulse energy much larger than required to provide the 130 ps rise time pulse from the PCSS. The system's pulse width was limited by the bandwidth of the PCSS enclosure and the high voltage transmission line components. A trigger laser with a pulse width comparable to the desired system risetime and pulse energy of 50-250 μJ would be sufficient to provide these results. This system was composed of a modelocked Ti:Sapphire oscillator and a Ti:Sapphire regenerative amplifier pumped with a 527 nm neodymium-doped yttrium lithium fluoride (Nd:YLF) Q-switched laser. Two digital delay generators were used to control the timing of the USPL system and to sync the pulse charging system with the USPL system. The PCSS exhibited a resistance on the order of 1 Ω when triggered with approximately 250 μJ of laser energy. However, typical energies used for these measurements varied to as low as 5 μJ, to limit the magnitude of laser pre-pulses which reduced the effective rise-time of the PCSS.
C. Diode Biasing and Isolation
The initial forward bias current applied to the diode was applied and varied with a fixed resistor (127 Ω) and a variable voltage source. The voltage source used was capable of sourcing currents ranging from 0 to 1 A, and voltages from 0 to 30 V. The biasing source was isolated from the pulse generator portion of the system with a large inductor (10 μH), and the pulse generator portion of the system was isolated from the biasing section with a coupling capacitor (0.5 μF).
D. Capacitive Probe
In order to measure the fast transient signals produced by the pulse and the pulse reflected by the diode, a capacitive probe (also known as a V-dot probe) and a 4 GHz oscilloscope (Tektronix TDS7404) were used to measure the derivative of the voltage signal. An explanation and summary of these sensors can be found in [8] . The probe used in this system was fabricated from a commercial-off-the-shelf bulkhead female SMA connector (50 Ω/DC-18 GHz) integrated into the outer conductor of a high bandwidth enclosure (see Section II-E). The inner conductor of the SMA connector protrudes into the cavity and its distance from the strip-line is adjustable. The voltage signal was obtained by integrating the measured signal and correcting for baseline offset noise in the signal. The voltage calibration of the V-dot was obtained from an 800 MHz commercial highvoltage resistive monitor (Tektronix P5100). Scopes and probes are calibrated to manufacturers' specifications. 
E. Current Viewing Resistor
A 0.5 Ω resistor connected to ground in series with the device under test serves as a high-bandwidth current monitor. Device current was recorded with the voltage signal from this resistor using the 4 GHz scope. While current and voltage are redundant with an ideal transmission line, their signals provide a check for nonideal transmission line components and multiple parallel parasitic current paths. For the sake of brevity, only the voltage measurements are shown in this paper to explain the operation of the test system and provide examples of test results.
F. High Bandwidth Tri-Plate Transmission Line Enclosures
Critical to the success of this system was ensuring that all of the necessary system components were able to propagate highbandwidth signals. This was accomplished by housing the necessary system components (PCSS, diagnostics, diode under test, and biasing/isolation circuit) in two-port, high-bandwidth, and 50 Ω enclosures. These enclosures maintain a 50 Ω impedance via a tri-plate transmission line structure. The center conductor of the tri-plate transmission line is printed on a standard PCB (FR4 substrate), which is sandwiched between two aluminum outer conductor pieces. The center conductor is effectively suspended between the two aluminum conductors which also form the enclosure. These enclosures allow for the necessary components (diode, PCSS, coupling capacitor) to be integrated into the 50 Ω tri-plate transmission line and thus maintain the highbandwidth and impedance of the system. Connections to the enclosures were made with N-type connectors. The breakdown voltage of these enclosures was experimentally determined to be approximately 2.5 kV with breakdown occurring in the N-type connector. Higher voltage connectors can be substituted for the N-connectors with some loss in bandwidth. The minimum S 21 (attenuation of the signal while passing from port one to port two of the enclosure) of these enclosures without the addition of the other components was measured to be 2.42 dB over the range of 0-10 GHz. A cross sectional view and CAD rendering of an enclosure is shown in Fig. 2 .
III. SYSTEM CHARACTERIZATION AND PERFORMANCE
The rise time of the pulse produced with the PCSS is shown in Fig. 3 . This is limited to 130 ps (2.7 GHz) by the bandwidth of the transmission line cable, connectors, and enclosures that contain the PCSS, monitors, and the device under test. The risetime of the conductance of the PCSS is given by the time integral of the trigger laser convolved with the silicon substrate recombination time. Since the laser pulse is 65 fs and the recombination time of the silicon is much larger (>10 μs), the switch conductance rise-time is essentially 65 fs. Faster pulse rise-times may be readily achieved with higher bandwidth components, which are generally limited by the physical size and the dielectric materials from which they are made, i.e., the higher the voltage capability, the larger the components, and the lower the bandwidth. With a shorter transmission line and higher BW connectors, a PCSS in one of the enclosures used in this pulser has demonstrated a 35 ps rise time at 2 kV. HN type connectors will allow this system to reach 10 kV with somewhat slower rise time (∼0.5 ns or ∼0.7 GHz). Given these bandwidth limitations, a 130 ps voltage rise-time still provides a very impressive dI/dt with a 50 Ω source impedance, 12 A/ns at 100 V and 300 A/ns at the present system voltage limit of 2.5 kV. If necessary, higher dI/dt could be achieved with a lower impedance or higher voltage transmission line.
To understand the waveforms produced with this pulser when terminated with a diode which has a voltage dependent capacitance, it is useful to consider the reflection coefficients produced when the pulser is terminated with simpler components. The terminating component defines the boundary condition of the wave equation which is satisfied by the propagating pulse. The condition is that the sum of the incident and reflected voltages and the difference of the incident and reflected currents must equal the voltage across and the current through the terminating component. Since the ratio of voltage and current on a resistor is constant, the reflection coefficient, Γ, (the ratio of reflected to incident voltage) is constant and is given by the relation as measured with a Vdot monitor ∼5 ns before the terminating component. The capacitors had zero charge initially, so when the pulse arrived they charged rapidly and reflected the pulse as if they were a short. As they charge, the current decreases to zero and the effective reflection coefficient increases from nearly -1 to 1.
where R t is the resistance of the terminating component and Z 0 is the impedance of the transmission line. Although a capacitor is constant in time, the reflection coefficient from a capacitor is time dependent, because for an ideal rectangular incident pulse, its constant ratio of charge to voltage turns the terminating boundary condition into the differential equatioṅ
where C t is the terminating capacitance. The solution to this equation with the appropriate initial conditions is
for time greater than zero, where the incident pulse reaches the terminating component at time zero. Fig. 4 shows measurements from the pulser when it is terminated with a range of capacitors. For this nearly ideal rectangular pulse we see nearly ideal exponential reflection coefficients. With a diode, the size of the depletion region, and hence the capacitance, depends on its voltage. Assuming a power law dependence of diode capacitance on voltage
where V t is the voltage across the terminating diode, V d is a constant of the diode, and m < 0 (as the junction capacitance decreases with increasing voltage), the boundary equation becomes
where I t is the current through the terminating diode. The recombination of the forward bias charge that diffuses across the junction boundary is not included in this simplified capacitive model of a diode. Inductance of the terminating component and its connection to the transmission line is another complication which is not included in the model of the current in the boundary equation. Diode leakage current and internal resistance may also play a significant role. Thus, the differential boundary condition produced with a diode is more complicated and will be the subject of a future paper that will include measurements to reveal the more complex time-dependent phenomena that occur in the recovery of a variety of diodes.
IV. DIODE MEASUREMENTS
The reverse recovery time measurements obtained from two vertical GaN diodes grown on bulk GaN substrates with identical specifications, manufactured by Avogy, are reported in this section and henceforth referred to as "diode #1," and "diode #2." The GaN diode specifications include: rated reverse voltage -1200 V, on-state resistance 200-400 mΩ, forward current 1.16A at 4V, rated peak forward current -15 A. These reverse recovery measurements include both the HRC phase (recombination and sweep-out of the forward bias charge that has crossed the junction boundary) and the RRR phase (creation and charging of the reverse biased depletion region). The bare die were mounted directly to the center conductor of one of the tri-plate transmission line enclosures. The anode was connected directly to the center conductor and bond wires were used to make a connection to the cathode. Using conservative operating limits, the Avogy diodes were tested at reverse biases ranging from 1.2 to 100 V, and forward biases ranging from 1 to 100 mA. A typical processed waveform obtained at short times from diode #1 is shown in Fig. 5 . V-dot waveforms and the extracted reverse recovery times for diode #1 over varying initial forward bias are presented in (Figs. 7 and 8 ). These measurements highlight the need for a more sophisticated definition of reverse recovery are discussed in the following paragraph. The reverse recovery time can still be easily extracted from these more complex reverse recovery waveforms. However, understanding the underlying physics dictating the reverse recovery behavior of diode #2 are beyond the scope of this paper and will be presented in a future work. The testing of the GaN diodes and the measurements presented are intended only to illustrate the capabilities of the developed system and the measurement technique.
The following discussion focuses on the short time recovery of diode #1 to show how the standard definition of the reverse recovery time must be considered when interpreting even the simpler response observed with that diode. The definition of the reverse recovery time presented here is also applicable to diode #2. However for clarity, diode #1 is the focus of this discussion. Since the high bandwidth data resolves the initial increase in negative current, which reduces the signal detected by the V-dot, the time from when the reverse diode current eclipses 10% of its maximum negative value (90% of the initial incident voltage), to the time the reverse diode current returns to 10% of its maximum negative value (90% of the final incident plus reflected voltage) makes a better high-bandwidth definition. This is extremely similar to the convention defined in JEDEC Standard 282B.01, section 5.6.9.3.A. This definition deviates from the JEDEC standard only in the definition of the beginning time.
In analyzing the short-time recovery data, this deviation from the JEDEC standard was necessary due to the smooth, but fast, rise in the reverse current (fall in V-dot voltage). Although section 5.6.9.3.A addresses signal diodes instead of power diodes, this section discusses the techniques and considerations for measuring the shortest reverse recovery times (<6 ns) addressed within the scope of this JEDEC document. The reverse recovery times measured on diode #1 by this system (including the depletion region creation and charging) are all less than 6 ns. Therefore, the convention taken from JEDEC 282B.01 section 5.6.9.3.A is adopted. Using the updated definition of the reverse recovery time, the reverse recovery of the short-time data from the diode #1 was measured over varying forward bias and reverse voltage. A typical measured waveform is shown in Fig. 5 , and the extracted reverse recovery times are listed in Table I . The portion of the reverse recovery voltage waveform following the maximum negative current through the diode (minimum incident plus reflected voltage) was fit with an exponential of the form:
This was used to define the value the signal was approaching with increasing time to subsequently know how to define the 10% point ending the reverse recovery time (c.f. Fig. 5 ). The reverse recovery time of diode #1 was observed to vary minimally over varying reverse bias as well as varying forward current.
Without fitting the waveforms for diode #2 in Figs. 7 and 8 to a more complex function appropriate to their shape, estimates of their reverse recovery times (including the depletion region creation and charging) were made (see Table II ) using the 10% convention to the nearest reference points. These time intervals were measured from points with signal voltages 0.9(V 0 − V min ) + V min to 0.9(V max − V min ) + V min where V 0 is the initial pulse voltage, and V min and V max are the minimum and maximum voltages following V 0 .
V. CONCLUSION
A system was developed utilizing the step-recovery technique and the synergy of various other technologies (photoconductive switches, pulsed power, and RF techniques) to allow us for the measurement of reverse recovery times in wide-bandgap GaN power diodes. The system holds the diode being tested in a forward-bias state and applies a fast rising reverse biasing pulse. This reverse-biasing pulse is generated with a Si PCSS gated with an USPL (800 nm/ 65 fs FWHM) and has risetime of 130 ps limited by the bandwidth of the other components in the system. The temporal nature of the wave reflected by the diode is indicative of the reverse recovery behavior of the diode and is used to extract the reverse recovery time. The fast-rising reverse-biasing pulse and high-bandwidth system diagnostics allow us for the measurement of subnanosecond reverse recovery times. The system was demonstrated and characterized using several known loads and two GaN diodes manufactured by Avogy Inc. The first diode exhibited a reverse recovery time of approximately 4 ns which was found to vary minimally with both reverse bias and initial forward bias. The second diode was found to exhibit fast recovery characteristics, but the nature of the recovery was found to be more complex than a simple exponential with total recovery times ranging from 9 to 24 ns. These times include the depletion region creation and charging through the 50 Ω impedance of the transmission line, which will be significantly shorter in lower impedance systems. Measurements from more diodes, the underlying causes of this more complex behavior, and modeling of the features in these waveforms will be the focus of a future paper.
